Introduction in E. coli elongation complexes. The structure presented here reveals new principles of RNA folding and RNAThe phage N protein prevents transcription termination protein recognition and contributes to our growing unin the two phage early operons (reviewed by Greenblatt derstanding of transcriptional regulation in bacterioet al., 1993; Friedman and Court, 1995) . This role of phage . N resembles those of the immunodeficiency virus Tat proteins and depends on an N utilization site (nut site) in the transcribed region. The nut site consists of RNA Results and Discussion and assembles into a ribonucleoprotein complex containing N and four E. coli proteins, NusA, NusB, NusG, A New Mode of Recognition and ribosomal protein S10. This complex associates for an Arginine-Rich Motif stably with RNA polymerase during elongation and in-
The structure of the N /nutL boxB RNA complex hibits transcription termination.
was determined from heteronuclear NMR experiments. A nut site consists of two genetically defined elePreliminary experiments indicated that N 1-22 and boxB ments, boxA (Olson et al., 1984) and boxB (Salstrom and RNA form a well-ordered 1:1 complex in the conditions Szybalski, 1978) . boxB forms an RNA hairpin ( Figure 1A) we used for NMR (Mogridge et al., 1998) . Formation and its 5 bp stem and 5 nt loop are recognized by of a well-ordered complex under these conditions is N (Franklin, 1984; Lazinski et al., 1989) . Although all 5
prevented by a boxB loop mutation that abolishes N nucleotides of the boxB loop are essential for N antiterbinding and antitermination (Mogridge et al., 1998) . To mination function (Doelling and Franklin, 1989; Chatto- allow selective detection of NMR signals from each compadhyay et al., 1995a), most studies have shown that ponent of the complex, samples were prepared by mixonly loop nucleotides 1, 3, and 5 are important for N ing an isotopically labeled ( 15 N or 15 N/ 13 C) molecule (pepbinding in gel mobility shift assays (Chattopadhyay et tide or RNA) with the corresponding unlabeled ligand. al., 1995a; Mogridge et al., 1995; Tan and Frankel, 1995;  Multiple intermolecular distance restraints were derived from improved isotopically filtered nuclear Overhauser effect spectroscopy (NOESY) experiments (Zwahlen et § To whom correspondence should be addressed. Only the heavy atoms of native residues (capital letters in Figure 1 ) were used in the fit and shown here. The RNA is pink, the peptide backbone (N, C ␣ , CЈ, O) green, and the side chain of Trp-18 yellow.
al., 1997). An example of the quality of the NMR data obtained in these experiments is given in Figure 1 . Many NOEs define the intermolecular interface, including important interactions between the Ala-3 methyl group and the bases and riboses of C4 and C5 in the boxB stem ( Figure 1C ) and between Trp-18 near the carboxyl terminus of N 1-22 and A9 of the boxB loop ( Figure 1D ). Three-dimensional structures were calculated using restrained molecular dynamics and simulated annealing starting from oligomers with randomized torsion angles (Allain et al., 1996) . The 24 structures agreeing best with the restraints are superimposed in Figure 2 . The level of precision obtained from this ensemble (Table 1) allows good structural definition of N , boxB, and their molecular interface. forms a hairpin with a well-defined loop and an essenare covered by a green shadow (Chattopadhyay et al., 1995a) .
tially regular A-form stem. Although the ␣-helical ARM (B) Sequence of the N 1-22 peptide used for the NMR studies. The of N interacts on the major groove face of boxB, the numbering is as for natural N. Lowercase letters indicate GSTintermolecular interface involves only 5Ј residues 4-10 fusion-derived amino acids (Mogridge et al., 1998) . Framed amino and the 5Ј-phosphate of residue 11 of the RNA hairpin.
acids are critical (pink circle) or simply preferred (blue squares) for antitermination (Franklin, 1993; Su et al., 1997a) .
The amino terminus of N 1-22 interacts with the 5Ј strand of hyay et al. (1995a) concluded that only 5Ј-phosphates of residues 4-11 are protected from ribonuclease cleavage by N. Only the heavy atoms of residues 1-22 of the N 1-22 peptide and of residues 3-17 of boxB RNA were considered. e GNRA refers to the GNRA-like structure formed by residues 1, 2, 3, and 5 of the boxB hairpin loop.
ARMs are characterized by a high density of arginine This agrees with CD spectra indicating formation of an ␣ helix involving 16-18 amino acids (Su et al., 1997a ; residues in a short sequence of 10-20 amino acids (Lazinski et al., 1989) . Arginine side chains play an essential Van Gilst et al., 1997) . This ␣ helix is capped at its amino terminus by intramolecular hydrophobic interactions role in RNA recognition, forming intermolecular hydrophobic, hydrogen-bonding, and electrostatic interbetween the Met-1 methyl group and the methyl and ␤-and ␥-methylene moieties of Thr-5 and Arg-6, respecactions (Puglisi et al., 1995; Ye et al., 1995 Ye et al., , 1996 Battiste et al., 1996) . However, comparison of the N 1-22 /boxB RNA tively, as described for the hydrophobic-staple motif (Muñ oz et al., 1995) . complex ( Figure 3 ) with complexes of ARMs from HIV-1 Rev ( Figure 3B ; Battiste et al., 1996) and BIV Tat (Figure The bend in the ␣ helix of N 1-22 results from a single localized perturbation at Arg-11 rather than additive ef-3C; Puglisi et al., 1995) illustrates the rich diversity in the modes of RNA-protein recognition by ARMs. Unlike fects distributed along the ␣ helix. The average Arg-11 backbone angles (φ: Ϫ86Њ and : Ϫ5Њ), which deviate the N 1-22 /boxB interaction confined to one strand of the hairpin stem and loop, the regular ␣ helix of HIV-1 Rev slightly from the narrow distribution of angles for the and the short ␤ hairpin of BIV Tat contact both strands other ␣-helical amino acids (φ: Ϫ48Њ to Ϫ72Њ and : (one in yellow and one in blue in Figure 3 ) of a widened Ϫ19Њ to Ϫ53Њ for residues 4-10 and 12-20; φ: Ϫ83Њ and RNA major groove through interactions with the bases, : Ϫ21Њ for residue 21), create a bend of ‫021ف‬Њ between sugars, and phosphates.
two ␣-helical segments (residues 4-10 and 12-21) of N . Many residues (amino acids 5, 7-10, 14, and 18) cannot be replaced by the ␣ helix-breaker proline with-A Bent ␣ Helix for the Arginine-Rich out severely decreasing N binding (Tan and Frankel, Motif of N 1995) or antitermination (Franklin, 1993) . However, proAn atomic root-mean-square (rms) deviation from the line substitutions at Ala-12, Glu-13, and Gln-15 do not average structure of 0.61 Ϯ 0.25 Å (Figure 2 and Table  cause substantial functional defects (Franklin, 1993 ; Su 1) was obtained from the ensemble of NMR-derived et al., 1997a) , indicating that ␣-helical disruptions in a structures for the backbone heavy atoms of N . Resnarrow region of the ARM can still maintain the boxB idues 4-21 form an ␣ helix as established by their interaction. Although proline replacement at Arg-11 is backbone φ and angles, which fall in the ␣-helical range of the Ramachandran plot (Morris et al., 1992) .
only partially functional (Franklin, 1993) , and the Pro-11
( Figure 2 and Table 1 ) was calculated for the heavy atoms of boxB RNA. The hairpin stem consists of approximately a half turn of regular A-form helix. In fact, a heavy-atom rms deviation of only 1.3 Å was obtained after a best-fit superposition of the boxB stem (residues 3-7 and 13-17) with an ideal A-form helix. Remarkably, the 5 nt boxB loop adopts a fold identical to that of the GAAA tetraloop ( Figure 4 ; Heus and Pardi, 1991; Su et al., 1997b) . The GAAA tetraloop is a member of the family of GNRA tetraloops (N ϭ A, G, C, U; R ϭ A, G) found in many important RNAs such as E. coli transcription terminators (d'Aubenton Carafa et al., 1990) , ribosomal RNAs (Gutell et al., 1994) , RNase P RNAs (James et al., 1988) , group I and II introns (Michel and Westhof, 1990) , and picornavirus ribosomal entry sites (Ló pez de Quinto and Martínez-Salas, 1997) . Many GNRA loop structures have been determined by NMR spectroscopy ( Heus and Pardi, 1991; Orita et al., 1993; Jucker and Pardi, 1995) and X-ray crystallography (Pley et al., 1994b; Scott et al., 1995; Cate et al., 1996) . The GNRA tetraloop fold is characterized by formation of a sheared G-A base pair (type XI; Saenger, 1984) between the first and last loop nucleotides and by a large change in direction of the phosphate backbone between the first and second nucleotides. This leads, in the case of GAAA tetraloops, to sequential stacking of the second, third, and fourth purines on the 3Ј stem. In accordance with these characteristics, nucleotides 1, 2, 3, and 5 of the GAAGA boxB hairpin loop form a GAAA fold (pink residues in Figure 4A ), which excludes nucleotide 4 (white residue in Figure 4A ). When the boxB GAAA fold was superimposed on the NMR structure of the GAAA tetraloop ( Figure 4B ; Heus and Pardi, 1991; Jucker et al., 1996) , a heavy-atom rms deviation of 1.4 Å was obtained. Similar superpositions (not shown) with GAAA tetraloops from crystal structures of the hammerhead ribozyme (Pley et al., 1994b) and the P4-P6 domain of the group I intron (Cate et al., 1996) produced similar rms deviations (1.4-1.6 Å ). In the boxB loop, the ribose and base of the fourth loop nucleotide G11 are extruded from the GAAA fold. G11 adopts a syn glycosidic angle that orients its guanine base to permit stacking with the ribose of the third nucleotide in the GAAA fold. This is the first structural example of a 4 nt GNRA fold in a 5 nt loop. GNRA folds are likely to be found in other HIV-1 Rev peptide/RRE complex (pdb file 1ETF; Battiste et al., 1996). has the potential to form a GNRA fold. Since a five-(C) NMR structure of the BIV Tat/TAR interaction (pdb file 1MNB; membered GAAAA loop can replace the essential GAAA Puglisi et al., 1995) . In (B) and (C), one RNA strand is yellow and tetraloop of the D5 domain in the group II intron without the other blue. In (A-C) the RNA is depicted as a dotted surface; affecting the enzymatic activity of this ribozyme (Abrambonds connecting heavy atoms of RNA bases and riboses are drawn ovitz and Pyle, 1997) , this GAAAA loop mutant presumand the phosphate backbone is represented by spheres for C3Ј, C5Ј, O3Ј, O5Ј, O1P, O2P, and P atoms. The peptide backbone is ably also forms a GAAA tetraloop-like structure. Comrepresented by a smoothed C ␣ trace and by ribbons for ␣ helices.
parison of 16S and 23S ribosomal RNA sequences also indicates conserved hairpin loops, which fit a GNR(N)A substitution might induce an ␣-helical disruption comor a GNR(NN)A consensus (Gutell et al., 1994) . patible with boxB binding, this substitution would also remove an important side chain interaction with the RNA, as described below.
Protein Recognition of a GNRA Fold Formation of the GNRA fold of boxB is essential for specific recognition by N. Indeed, all mutations within A GNRA Fold in the boxB Pentaloop From the ensemble of structures, a heavy-atom rms the boxB loop that are not compatible with formation of a GNRA fold also abrogate N binding (Figures 4C and deviation from the average structure of 0.82 Ϯ 0.14 Å Figure 4A ) and the GAAA tetraloop (in gray; mean structure generated in MOLMOL from the ten structures of the pdb file 1ZIP; Jucker et al., 1996) . In The absence of a specific base requirement for extruded nucleotide 4 suggested that N would still bind if that the identity of residues 1, 3, and 5 of the boxB loop ( Figure 4C ) is important for N binding, whereas the this nucleotide were deleted. This was tested by a gel mobility shift assay (Mogridge et al., 1995) under native identity of residues 2 and 4 is important for NusA binding but not for N binding (Chattopadhyay et al., 1995a; Moconditions (Figure 5) . Addition of N to nut site-containing RNAs with a boxB GAAAA loop (the nutR site) or a mutant gridge et al., 1995; Tan and Frankel, 1995; Cilley and Williamson, 1997; Su et al., 1997b; Van Gilst et al., 1997) .
GAAA tetraloop produced mobility shifts indicative of high-affinity interactions between N and the nut site. On Mutation of the G at position 1 to A, C, U, or even inosine (I) or the A at position 5 to G, C, or U significantly reduces the basis of the N concentration required for the mobility shift, the affinity of N for the mutant GAAA tetraloop is binding, indicating that the sheared G-A base pair of the GNRA fold is essential for N binding. Replacement reduced less than 2-fold relative to the wild-type GAAAA loop. Figure 5 also shows that the N-NusA-nut site suof A at position 3 with C or U but not with G decreases the affinity for N, in agreement with the purine requirement at pershift detected with the wild-type GAAAA loop sequence and not present when the fourth base in the position 3 in the GNRA fold ( Heus and Pardi, 1991) . Although pyrimidine substitutions at loop position 2 may loop is mutated to C (Mogridge et al., 1995) is, as expected, not observed with the boxB GAAA tetraloop reduce the affinity for N under certain conditions (Su et al., 1997b) , they do not affect binding in other conditions mutant. These results illustrate the GNRA fold requirement for N binding and the involvement of the extruded (Chattopadhyay et al., 1995a; Mogridge et al., 1995) or prevent recognition of the boxB GNRA fold by N (Su et purine in NusA binding. Protein recognition of GNRA motifs likely represents al., 1997b). Any base substitution at position 4 maintains the high-affinity N-boxB RNA interaction. Thus, the boxB a general class of RNA-protein interactions. Examples include recognition of a GAGA hairpin loop by the cyloop requirements for N binding fit the GNRNA consensus ( Figure 4C ), indicating that the GNRA fold formed totoxic protein ricin (Glü ck et al., 1992) , high-affinity binding of HIV-1 integrase to selected RNA ligands by nucleotides 1, 2, 3, and 5 of the boxB loop is necessary for specific binding by N. Interestingly, Franklin containing a GNRA tetraloop (Allen et al., 1995) , and involvement of potential GNRA folds in ribosomal pro-(1993) was unable to identify amino acid substitutions in N that suppress the effects of boxB loop mutations.
tein-RNA interactions (Brimacombe, 1995) . The prevalence of GNRA tetraloops in various RNAs might thereThese changes would prevent either the formation of the GNRA structure specifically recognized by N or subfore be explained in part by their importance in both RNA-RNA (Michel and Westhof, 1990; Murphy and Cech, sequent NusA binding as described below.
to the C6 ribose and the base H5 and H6 of C6 and U7, while the H ␥ and H ␦ protons of Arg-8 are near the A10 ribose protons. Intermolecular hydrophobic contacts between the A9 ribose and Lys-14 and Lys-19 are also observed (Zwahlen et al., 1997) . In addition, Ala-3, Gln-15, and Trp-18 are involved in hydrophobic interactions. The aliphatic side chain of Gln-15 lies between the A9 and A10 riboses (Zwahlen et al., 1997) and one of its side chain amino protons is close to the main-chain carbonyl of Arg-11, possibly forming a hydrogen bond that would stabilize the ␣-helical bend. These interactions may explain why glutamine is preferred at position 15, although many mutations at this site do not affect antitermination (Franklin, 1993; Su et al., 1997a) .
The Ala-3 methyl group lies between the C4 and C5 riboses, closer to H5 and H6 of C5 than H5 and H6 of any amino acid replacement except serine reduces boxB binding (Su et al., 1997a) . Interestingly, only ala-1994) and RNA-protein interactions (Glü ck et al., 1992;  nines and serines are found at corresponding positions Allen et al., 1995; Brimacombe, 1995 Figure 6C ). RNAthat the Ala-3 nonspecific hydrophobic interaction of peptide contacts involve one face of the ␣ helix (residues N is conserved among these lambdoid phages. 3-19) and only the 5Ј residues (residues 4-10 and the The Trp-18 indole ring stacks on the A9 base and the 5Ј-phosphate of residue 11) of the RNA hairpin (Figures H ␤ protons of Trp-18 contact the A9 ribose protons. The 3A and 6). The five arginines and two lysines of N Trp-18 stacking interaction is important for boxB loop create a positively charged surface on one face of the recognition since all 19 possible mutations at position ␣ helix that interacts with the negatively charged phos-18 reduce the affinity for boxB (Su et al., 1997a) . Substiphodiester backbone of the boxB RNA (Figures 6A and tutions to aromatic residues (Tyr and Phe) are the least 6C). All arginine guanidino groups and the amino group damaging, decreasing the affinity by less than 2-fold. of Lys-14 but not Lys-19 are less than 5 Å from one or Intermolecular stacking interactions between aromatic more phosphates on the RNA and should make signifiside chains and RNA bases are very common in RNAcant electrostatic contributions to boxB binding. In protein complexes and may provide substantial enthalagreement with these observations, single alanine repic contributions to the overall binding energy (LeCuyer placements at Arg-6, Arg-7, Arg-8, Arg-10, Arg-11, and et al., 1996; Varani, 1997) . Trp-18 stacking is specific to Lys-14 but not Lys-19 decrease in vitro binding by at recognition of boxB since other lambdoid phage N least 20-fold (Su et al., 1997a) and also reduce antitermiproteins do not have an aromatic residue at the analonation activity (Franklin, 1993) . However, shorter disgous position, whereas HKO22 Nun protein (which binds tances (Ͻ2.4 Å ) between arginine guanidino groups and boxB) has tyrosine at this position (Lazinski et al., phosphates in some of the structures suggest stronger 1989). ionic interactions and possibly hydrogen bonds be-
The RNA-protein interface of the N 1-22 /boxB complex tween is dominated by ionic interactions between positively 10, and Arg-11 and G11, C6, and U7, respectively, as charged side chains and the phosphate backbone (Figshown in Figure 6C . The structure of the N 1-22 /boxB comure 6A) and hydrophobic contacts between peptide side plex and the mutational data indicate that the five argichains and RNA bases and riboses ( Figure 6B ). In connines and Lys-14 of N 1-22 form a cluster of positive trast, only a few intermolecular hydrogen bonds can be charges necessary for boxB recognition.
proposed ( Figures 6B and 6C ). Side chain amino protons Hydrophobic interactions are also crucial for boxB of Gln-4 and Arg-7 could interact with hydrogen-bond recognition ( Figure 6B) . Indeed, the role of arginine and acceptors of U7 or G8 in the major groove. Intermoleculysine residues is not restricted to ionic interactions lar NOEs between the G8 imino proton and the Gln-4 since, in certain cases, the aliphatic portion of these amino protons indicate that these amino protons are side chains also contacts the RNA (Figures 6B and 6C) .
near hydrogen-bond acceptors on the bases of U7 or G8. Only for Arg-7 in N 1-22 is rotation hindered about For example, the H ␤ and H ␥ protons of Arg-7 are close or G7-C13 (Cilley data), suggesting that the Arg-7 guanidino protons form strong and stable hydrogen bonds. A more precise deand Williamson, 1997) reduces N binding more than 20-fold. Finally, it is interesting that arginines that interact scription of the hydrogen-bonding interactions involving Gln-4 and Arg-7 awaits structural refinement, which may with the boxB stem (Arg-6 and Arg-10) are involved only in electrostatic interactions and can be replaced by lyexplain why glutamine is favored at position 4 and all tested mutations at position 7 abolish antitermination sines, whereas arginines that interact with the boxB loop and its U-A closing base pair (Arg-7, Arg-8, and Arg-11) (Franklin, 1993) .
cannot be replaced by lysines, suggesting that their contributions to boxB binding are more than simple Principal Determinants of Binding Specificity charge effects (Franklin, 1993; Su et al., 1997a) . In many DNA-protein interactions, sequence-specific binding results from hydrogen bonds formed between protein side chains and the exposed edges of the bases
Comparison with the GAAA Tetraloop-Receptor Interaction of the Group I Intron in the major groove of a regular DNA duplex (Steitz, 1990) . Recognition of conformational features is also Previously, there was only detailed structural information describing RNA interactions, and not protein interimportant in certain DNA-protein complexes (Steitz, 1990) but is absolutely central in RNA-protein recognition beactions, with GNRA folds (Pley et al., 1994a; Cate et al., 1996) . Recognition of the GAAA tetraloop (the L5b loop) cause of the unique shapes and charge distributions created by the diversity of RNA structures (Varani, 1997) , of the P4-P6 domain of the Tetrahymena thermophila group I intron by its intramolecular RNA receptor (the as illustrated here for the N 1-22 /boxB complex. The specific determinants of N 1-22 -boxB recognition J6a/6b element; Cate et al., 1996) is fundamentally different from the recognition of the boxB loop by N. The include the shape and electrostatic surface of the GNRA fold and the U-A base pair closing the loop (Figure 6) . ARM of N contacts the major groove face of the boxB stem and GAAGA loop mainly through ionic and hyIndeed, although multiple intermolecular contacts involve the boxB stem, the identity of the four G-C base drophobic interactions ( Figure 7A ), whereas the GAAAtetraloop receptor of the P4-P6 domain recognizes the pairs in the stem is not critical for antitermination provided that Watson-Crick base pairing is maintained minor groove face of the GAAA tetraloop through multiple hydrogen-bonding contacts with bases and riboses (Chattopadhyay et al., 1995a) . That the GNRA fold is necessary for specific N recognition is supported by the of the loop ( Figure 7B ; Cate et al., 1996) . Similarly, the minor groove face of a GAAA tetraloop contacts an RNA many intermolecular contacts with loop nucleotides 1, 2, and 3. Furthermore, hydrogen bonding of U7 with hairpin in an intermolecular crystal contact of a hammerhead ribozyme structure (Pley et al., 1994a) . Indeed, the Gln-4 or Arg-7 (see above), as well as hydrophobic contacts between the aliphatic portion of Arg-7 and the H5 many available hydrogen-bond donors and acceptors on the minor groove face of a GNRA fold provide many potential intermolecular and tertiary contacts (Jucker and Pardi, 1995) . However, the structure of the N 1-22 / boxB complex presented here ( Figure 7A ) demonstrates that the major groove face of a GNRA fold can also be involved in macromolecular recognition. The GAAA folds of the P4-P6 domain of the group I intron and the boxB loop are superimposed in Figure  7C to further contrast the diverse modes of recognition in these systems. This superposition also shows how a GAAAA pentaloop might interact with a GAAA tetraloop receptor, as postulated for a group II intron where the D5 GAAA tetraloop, which forms a tertiary interaction similar to that of the group I intron ( Figure 7B) , was mutated to a functional GAAAA loop ( Abramovitz and Pyle, 1997) .
Despite the global difference in recognition of a GAAA fold by N and the GAAA tetraloop receptor (Figure 7) , residues from the GAAA tetraloop ligand (protein or RNA) interact in both cases with the base at the top of the GAAA fold and extend the 3 adenine stack, which stabilizes the tetraloop ( Figure 7D ). In the group I intron, A226 from one helical strand of the GAAA tetraloop receptor stacks on the second base of the GAAA loop ( Figure 7D ; Cate et al., 1996) . In the N 1-22 /boxB complex ( Figure 7D ), Trp-18 stacks on the second base of the boxB loop, acting as a pseudobase at the RNA-peptide interface, and the Asn-22 side chain contacts the other face of the tryptophan ring. Interaction of Asn-22 with the tryptophan ring is well defined by the NMR data and not an artifact of the short N 1-22 peptide construct. Specific NMR chemical shifts and NOE contacts indicate that this interaction exists also in complexes of boxB RNA with N 1-47 and full-length N (Mogridge et al., 1998). Since mutation of Asn-22 to Ala reduces boxB binding only 2-fold (Su et al., 1997a) , Asn-22 plays a relatively minor role in stabilizing the complex. The similar stacking interaction between a GAAA fold and the N peptide or GAAA tetraloop receptor is a striking example of how important intermolecular interactions can be preserved by either protein or RNA ligands. We showed previously that E. coli NusA, an essential component of the antitermination complex, interacts (Greenblatt and Li, 1981a, 1981b; Mogridge et al., 1998) . (version 3.851; Brü nger, 1992) using the experimental restraints deGiven that NusA interacts directly with N and RNA polyscribed in Table 1 along with restraints to maintain RNA and protein merase, why is a nut site needed for antitermination? Evicovalent structure and stereochemistry. A van der Waals repulsive dently, the boxB hairpin supplements the direct N/NusA term was included in the potential, but electrostatic contributions were not. Standard X-PLOR topology and parameter files were used protein-protein interaction that is important for antiterwith the exception that the ribose bond angles were modified to mination. Although NusA does not bind directly to nut those given by Saenger (1984) and the proper sugar chirality was site RNA, pyrimidine substitutions of nucleotides 2 and enforced ( Schultze and Feigon, 1997) . Our structure calculation pro-4 in the boxB loop abolish binding of NusA to the nut site/ tocol was derived from the one kindly provided by Allain et al. (1996) N protein complex (Mogridge et al., 1995) . Moreover, as , 1996) was used for visualization of the structures, and both MOLMOL and X-PLOR were used for analysis.
a GNRA fold with an additional nucleotide can act as a module to link two proteins, N and NusA, and initiate the assembly of a ribonucleoprotein complex. Such GNRA-
